response to loading has been investigated by several researchers using physical and anatomical models. 10, 12, 27 Investigators researching SDH using finite element modeling have found that anterior-posterior motion can cause higher strain on the brain tissues and vasculature than lateral motions; 34 however, the study used a tied interface between the skull and brain and was limited, as SDH is thought to result from relative brain skull motion. 16 In 2003, Kleiven 16 used a finite element modeling approach to investigate the directional sensitivity of SDH. He indicated that the largest skull-brain motion, and therefore greatest strains in the brain tissue and vasculature, was found in the anterior-posterior rotational motions, with near 0 for translational motions. These results supported the anterior-posterior theory of directional sensitivity for SDH. While lateral tests were conducted, Kleiven 16 found that the relative brain-skull motion and strains were lower for corresponding rotational impulses and even lower for translational motion. Using a finite element model of the human brain, Zhou et al. 34 found that anterior-posterior motions potentially cause higher strains in regions associated with SDH than lateral direction motions. Doorly and Gilchrist, 6 Doorly, 4 Willinger and Baumgartner, 32 and Post et al. 26 have also examined the incidence of SDH using injury reconstruction and found that large-magnitude brain deformations were required to create this type of injury. While SDH has been described in terms of global brain deformation responses, as well as gross directional kinematics, there have not been any attempts to determine which metrics differentiate between SDHs in the different lobes of the brain. This is important as currently SDHs are viewed as a focal TBI with no difference in their causation, although they can be present in different parts of the brain. Where in the brain the SDH is present is likely caused by the characteristics of the event (velocity, mass, impact location, and so on), which is reflected by the dynamic response and resulting brain deformation. Investigations into this phenomenon would provide important insights into the mechanism of injury for SDH. As a result, the purpose of the present research was to investigate the dynamic response and brain deformation metrics for acute focal SDH occurring in different lobes of the brain for fall-related reconstructions.
Methods
Doctors at the Hull Hospital, the General Hospital (in Hull and Ottawa, Canada, respectively), and the National Department of Neurosurgery at Beaumont Hospital (in Dublin, Ireland) selected 16 adult patients in whom an SDH had resulted from a fall. Radiologists and neurosurgeons conducted brain injury identification and assessment by examining CT and MR images. For all cases, medical examination and medical imaging were carried out within 24 hours of the injury event. These medical findings were confirmed in many cases through ensuing surgical interventions. The conditions surrounding the person's fall were assessed based on accident report forms, eyewitness accounts, and video. The report forms established starting points for reconstructive parameters of the incident such as impact vector, location of impact on the head, and velocity of impact. To simplify the reconstructive parameters, only simple falls were used for this study, and in all cases the impact surface was a rigid structure such as cement. The decision to use simple falls was to reduce the total amount of variability that could affect the result of the reconstruction. This meant that the falls chosen for reconstruction had to meet certain criteria such as no contact with an outside force (for example, a push) or with another object as they fell and hit their head on an identifiable surface. This led to the majority of the reconstructions being slips from standing positions or trips/slips from a walking speed (approximately 1.0 m/ sec). The process of reconstructing the brain injury event consisted of first using MAthematical DYnamic MOdels (MADYMO) to simulate the fall and ascertain the headimpact velocity, and then using a Hybrid III headform (Humanetics) to conduct the impacts. Once the 3D acceleration loading curves were generated from the Hybrid III impacts, they were used as input to the University College Dublin Brain Trauma Model (MADYMO) for brain deformation analyses.
MADYMO Reconstructions
MADYMO is a tool that has been used primarily in the automotive industry for pedestrian impacts but has found use in other applications such as injury reconstructions and injury biomechanics. It allows for approximate simulations of the events leading up to an incident (such as a fall in this case) to calculate the kinematics surrounding an event.
1,5 MADYMO has a particular strength in that it has a wide variety of human body models, which include a series of human ellipsoid pedestrian models that have joint parameters similar to those of a human. 24 These pedestrian models were validated using various "impactors" that were designed to determine the risk to pedestrians from vehicle impacts.
For the fall reconstructions created using MADYMO simulations, an ellipsoid pedestrian model was chosen that was the closest match to the human subject's anthropometrics (Fig. 1) . The model was then placed within the environment that was modeled after the descriptions of the event from the injury report forms and/or video. The fall simulation was then conducted based on the initial fall parameters (body position, initial velocity) that were described in the reports. 1 As there was some uncertainty surrounding the nature of the fall in some cases (other body parts contacting the ground first, for example), a sensitivity analysis was conducted based on the possible parameters leading to the head's contact with the hard surfaces. 1, 7, 24 This sensitivity analysis comprised running simulations without any body part bracing the fall, and various arm or leg positions that may have reduced the head velocity upon contact with the object that caused the SDH. The lowest head-contact velocity was used for the physical model simulations, as these were designated the "best possible scenario" for the simulations.
Laboratory Reconstruction
As all the subjects in this study were victims of severe falls, a guided monorail device equipped with an instrumented Hybrid III head-and neckform was used for the injury reconstructions.
Monorail
To simulate the impact of falling, a monorail was used (Fig. 2) . The monorail consisted of a 4.7-m-long rail to which the headform was attached through a special jig. The headform runs along the rails on ball bushings to reduce the effects of friction on inbound velocity and is released by pneumatic piston. A Hybrid III 50th Percentile headform and neckform was used for these reconstructions because it allowed for the measurement of the 3D dynamic response. The impact velocity was measured using a photoelectric time gate placed within 0.02 m of the impact. The anvil at the base of the monorail was steel and was changed to represent the surface the head came into contact with as described in the injury report. In the case of the present research, concrete was the surface in the majority of cases ( Table 1 ). The base of the monorail was 0.67 m high, 0.30 m wide, and 0.38 m deep and was fixed to the floor.
Hybrid III
A 50th Percentile adult headform (mass 4.54 ± 0.01 kg) and neckform was instrumented for measurement of 3D dynamic response according to Padgaonkar's 3-2-2-2 accelerometer array 25 (Fig. 2) . The accelerometer used was the Endevco 7264C-2KTZ-2-300.
Laboratory Reconstruction Procedure
On identification of a brain injury suitable for reconstruction, the parameters from the injury report were used to identify starting points for the laboratory reconstructions. The MADYMO simulations were used to determine the head-impact velocities ( Table 1 ). The impact site was identified from images of the impact location on the subject's head or CT scans on which swelling would identify the site of impact on the skull (Fig. 3) . Three impacts were conducted per scenario. The impact surfaces used for the reconstructions were those identified from the accident report forms ( Table 1) .
The impacts were sampled at 20 kHz and recorded using TDAS PRO software (DTS). All data were filtered using an SAE J211 class 1000 filter. This reconstruction provided a 3D description of the kinematics of the impact event that created each SDH. The x axis was defined as facing forward from the head's center of gravity, the y axis to the left of the head, and the z axis vertically upward. These loading curves were then used as input for the finite element model of the human brain.
Finite Element Model
The finite element model used for this research was the University College Dublin Brain Trauma Model (UCDBTM). 13, 14 The geometry of the model was based on CT scans of a male cadaver and, as such, does not represent the typical 50th percentile of the human male. The model was composed of the dura, CSF, pia, falx, tentorium, gray and white matter, cerebellum, and brainstem. The UCDBTM had approximately 26,000 elements and was validated against the cadaver impact research of Nahum et al. 23 and Hardy et al. 11 Real-life reconstructions were conducted to further validate the model and were found to be in good agreement with lesions on CT scans for TBI incidents. 6, 26 The material properties of the model are presented in Tables 2 and 3 . The brain characteristics were derived from Zhang et al. 33 A linear viscoelastic material model combined with large deformation theory was used to model the brain tissue. 13, 14, 29, 34 The compressive behavior of the brain was considered elastic, and the shear characteristics of the brain were defined as:
where G ∞ is the long-term shear modulus, G 0 is the shortterm shear modulus, t is seconds, and b is the decay factor. 13 The hyperelastic model used for the brain in shear is represented by:
where C 10 , and C 01 are temperature-dependent material parameters. 13 The brain-skull interaction was accomplished by modeling the CSF as solid elements with a high bulk modulus and low shear modulus; the contact definitions allowed for no separation and used a friction coefficient of 0.2.
21
The CT scans from the hospital were used to cre- ate the regions of interest (ROIs) in the UCDBTM, which represented each SDH. The UCDBTM was first scaled to the size of the brain of the subject for each case based on measurements taken from the CT scans. 17 The region that was identified by the neurosurgeon as the SDH was then matched to the UCDBTM. The elements that encompassed the volume of the blood on the CT scan were selected to represent the ROI of the SDH (Fig. 4) .
Data Analysis
The resulting curves from the simulations were compiled and analyzed separately in x, y, and z axes of linear and rotational acceleration. The peak values in all 3 component axes were then associated with the region of the brain in which the SDH occurred, specifically the frontal, parietal, or occipital lobes (Fig. 5) . For UCDBTM finite element modeling, the brain deformations were measured using the following metrics: maximum principal strain (MPS), von Mises stress (VMS), pressure, shear strain, shear stress, strain rate, and product of strain and strain rate. In addition, the average MPS and VMS values were computed for the SDH ROI as well as for the entire cerebellum. While it is acknowledged that these variables do not measure the damaged bridging veins that are generally associated with SDH, these metrics define the nature of the deformation in the regions in which the vasculature may be present. In addition, the measurement of the finite element model is related to cortical brain tissue material responses that would respond differently to vascular responses. As a result, the metrics used here indicate a global, or macro level, response of the brain in those regions, and for further analysis a local, or micro, model of the vasculature of the SDH ROI may be warranted. 18 In addition, as it was important to discern if the SDH ROI deformations were significantly different from those in the rest of the cerebellum, a t-test was conducted to establish if there were any significant differences between the responses. An ANOVA was conducted across different lobes of the brain for each response variable. This was conducted to examine if there were differences in responses to the presence of SDHs between each lobe of the brain. 
Results
The results are presented for resultant and component accelerations in Tables 4 and 5 Fig. 6 . Sixteen SDH cases were reconstructed (average age of individuals 69 ± 15 years). There were 10 men and 6 women, with the youngest being 44 and the oldest 87 years old. Overall there were 8 SDHs in the frontal lobe and 4 each in the occipital and parietal lobes. None of the subdural bleeds spanned more than one lobe in this data set. For the finite element modeling, the magnitudes of deformation in the ROI were found to be significantly different from the values in the rest of the cerebrum for each case when compared using the t-test (p < 0.05).
Subdural Hematoma Dynamic Response by Lobular Region
When comparing the results based on where the SDHs occurred, we found, for linear acceleration, a significant difference between the occipital lobe and parietal lobe SDHs for the y component only (p < 0.05). For all other linear acceleration resultant values and components, there was no statistical difference between the SDHs in each lobe (p > 0.05) ( Table 4) . For rotational acceleration, the resultant and z-axis values were significantly different between the parietal lobe and all other lobes (p < 0.05); however, all other lobes were not statistically different (p > 0.05). There was also statistical significance found between the parietal lobe and the occipital lobe SDHs for the x-axis rotational acceleration component (p < 0.05) ( Table 5) .
Acceleration Component Influence on SDH Regions
Frontal Lobe. For the frontal lobe SDHs, the x-axis linear acceleration was significantly different from the z-axis component (p < 0.05), while the y axis was not significant from the z-or x-axis components (p > 0.05). For the rotational acceleration components, there was no significant difference between the accelerations in the x, y, or z axis (p > 0.05).
Parietal Lobe. For the parietal lobe SDHs, the x-axis linear acceleration component was significantly larger in magnitude than the z-axis component (p < 0.05). All other component comparisons were not significantly different (p > 0.05). For the rotational acceleration components, none of the axes produced a significantly different response (p > 0.05).
Occipital Lobe. For the occipital lobe SDHs, the x-axis linear acceleration component was significantly larger in magnitude than the y-or z-axis components (p < 0.05). All other component comparisons were not significantly different (p > 0.05). For the rotational acceleration components, the y-axis component was of significantly larger magnitude than the x-or z-axis components (p = 0.05).
Subdural Hematoma Brain Deformation by Lobular Region
The results of the focal SDH reconstructions are presented in Tables 6-8 . In total, there were 8 frontal lobe SDHs, 4 parietal lobe SDHs, and 4 occipital lobe SDHs. There was no temporal lobe SDH in the reconstructed cases. Shear stress, strain rate, average MPS, and average VMS showed no statistically significant difference between SDHs in the different lobes of the brain (p > 0.05). The pressure response was significantly lower in the frontal lobe than in the occipital and parietal lobes (p < 0.05). The von Mises stress response was lower in the occipital and frontal lobes than in the parietal lobe (p < 0.05). Maximum principal strain was larger in the pari- etal lobe than in the other 2 lobes (p < 0.05). Shear strain had lower values for the occipital lobe (p < 0.05), and the other 2 lobes were not significantly different from each other (p > 0.05). The product of strain and strain rate had lower values in the occipital lobe when compared with the parietal lobe responses, but they were not statistically different from the frontal lobe responses. Overall, the lowest magnitude response was in the occipital lobe for 6 of the 8 peak brain deformation metrics. In addition, the largest magnitudes occurred in the parietal lobe SDHs for 5 of the 8 peak brain deformation metrics.
Discussion

Subdural Hematoma Dynamic Response by Lobular Region
When examining the results by lobe region, the resultant linear acceleration was not found to show any difference when comparing the SDHs in different parts of the brain. There was also no significance between the components of linear acceleration for the SDHs in the regions of the brain, except in the occipital lobe SDHs and the parietal lobe SDHs for the y-axis component. This may indicate that these measures could be insensitive to the types of motions that produced the injury to these distinct regions. The variance in response is likely influenced by human variability and the differing impact sites that caused the injury, which is reflected in the large standard deviations. However, while not significant, when looking at the pure magnitude of responses in peak resultant linear acceleration causing SDHs in the distinct regions, the following hierarchy occurs: occipital lobe (311.8 g), frontal lobe (372.4 g), and parietal lobe (462.4 g).
When examining the SDH regions by peak resultant rotational acceleration, the parietal lobe incurred larger rotations than the other lobes. The x-axis rotations showed a difference between the parietal and occipital lobes. Also, the z-axis rotations were larger for the parietal lobe. All other components exhibited no significant differences. The increased statistical significance on examination of these distinct regions suggests that rotational acceleration may be more sensitive to differentiating between the lobe likely to be injured. This is consistent with literature indicating that SDH is a rotationally influenced injury.
8 When examining the magnitudes of peak resultant rotational acceleration for each injury region, the order from lowest to highest magnitude is the same as that for linear acceleration: occipital lobe (22,371 rad/sec 2 ), frontal lobe (30,690 rad/ sec 2 ), and parietal lobe (53,859 rad/sec 2 ). Since both peak resultant linear and rotational acceleration measures suggest this trend, it is likely that the occipital regions incur the lowest response to injury, while the frontal and parietal regions require larger responses to produce an SDH.
Acceleration Component Influence on SDH Regions
When examining the lobes separately to determine how the components of x, y, and z axes might influence the occurrence of SDH, certain interesting relationships occurred. When using linear acceleration components as the injury metric, the x-axis linear acceleration indicated a trend in which values were higher in magnitude than those of the other axes, except for the y axis in the parietal lobe. This suggests that translational motions in the x axis may be a significant contributor to SDH in general and that the y-axis rotations for the parietal region may also be a significant contributor to SDH.
The components of rotational acceleration did not show similar significance when we examined the influence of the x, y, and z axes. For frontal and parietal lobe SDHs, there was no statistically significant difference between the components in terms of rotational acceleration; however, the magnitudes for these regions in all axes were high. The y-axis component of rotational acceleration was also significantly greater than the x and z axes for the occipital lobe SDHs. The sample size for occipital lobe SDHs was small (4 cases), and it may be by chance that all impacts were through the back of the head, but this may also be enough to indicate a trend. When comparing our results with those reported in the literature, ours fit within the ranges found in previous research on SDH. For instance, Huang et al. 15 found values of 97.4 krad/sec 2 and 71.2 krad/sec 2 for SDH in the parasagittal and midsagittal plane, respectively, when using finite element modeling reconstructions. Auer et al. 2 reconstructed fatal pedestrian collisions and found linear acceleration thresholds for SDH to range between 100 and 600 g. Kleiven 16 reconstructed an SDH injury using a finite element model and found a peak resultant rotational acceleration threshold to be approximately 34 krad/sec 2 . Using MADYMO to reconstruct SDH injuries, magnitudes of peak resultant linear acceleration have been reported to range from 236.5 to 366.5 g and from 7.4 to 49.2 krad/sec 2 for rotational acceleration. [4] [5] [6] The average values for reconstructions reported by Doorly 4 were 296 g and 20 krad/sec 2 . For the present research, the average results for the SDHs were 362.4 g and 32 krad/ sec 2 . The higher magnitude results in the present research compared that of Doorly 4 may be a consequence of using a stiff Hybrid III headform as opposed to a deformable head like that used in Doorly's MADYMO simulations.
Subdural Hematoma Brain Deformation by Lobular Region
Maximum principal strain, VMS, shear strain, and product of strain and strain rate for focal SDH were consistent with values reported in the literature. The maximum principal strain values for SDH for injury reconstructions in the literature ranged from 0.14 to 0.53, which was similar to those reported in this study. 4, 6 Also, the magnitudes found in the present study are in agreement with the strain measures to induce a TBI reported in anatomical studies. 3, 19, 22, 28 The von Mises stress values were also within the range reported for computational SDH reconstructions 4, 6 (5-17 kPa), as well as the thresholds described by Willinger and Baumgartner 32 and Schrieber et al. 28 (6.1-10.8 kPa). Shear strain is a parameter not commonly used in brain injury reconstruction research for SDH, but a point for comparison exists in Doorly and Gilchrist 6 and Doorly 4 (range 0.17-0.50), which is similar to the magnitudes found in the present study (range 0.36-0.539). Finally, the product of strain and strain rate response in this study (15.3-36 .3 sec ). 4, 6 Only the pressure responses found in this study were inconsistent with the literature (the values we found were much larger than those presented in previous research). 4, 6, 31 This difference may be a result of the large variation in pressure responses that was generated for each of the impacts. Overall, the SDH reconstructions conducted in this research were consistent with the literature, which suggests that there is agreement with the general magnitudes of response resulting in an SDH. However, the studies in the literature did not examine the magnitudes in relation to focal SDH location.
Limitations
Limitations of this study revolve around the accuracy of the reconstruction and the modeling process from the previous work simulating brain injuries. The reconstructions conducted within the laboratory used non-biofidelic physical models that produce acceleration loading curves that may not be similar to the response of a nonrigid system such as the head. The input parameters (velocity, mass, location) are all approximate and may not accurately represent the event. This is a result of using report forms that were the accumulation of subject interviews, eyewitness reports, and reports from medical staff (for example, paramedics, emergency room doctors). While the description of the event from these multiple sources reduces the variation of the parameters describing the incident, it does not eliminate all the variability. In the case of this research, simple falls were used to reduce the possible variations that would come with interactions between colliding bodies or motor vehicle collisions. While using multiple conditions for each injury simulation may cover the response to the actual event, it is unlikely that a precise representation of what occurred to cause the injury will be simulated, even though the results were well within the magnitudes expected for SDH based on the literature. The influence of the musculature on the impact will also be difficult to ascertain and is thus a limitation to this study. While simple-to-reconstruct injury scenarios were chosen for this study, it is unlikely that each simulation was an exact representation of the injury sustained by each individual.
Conclusions
Peak resultant linear acceleration was not found to show any difference when compared between different lobes of the brain affected by SDH. There was also no significance between the components of linear acceleration, except for the y component in cases of parietal lobe SDH. For rotational acceleration, a greater number of differences were found, with peak resultant values higher for the parietal lobe than for the other lobes, and x-and z-axis components also showing some discrimination for the presence of SDH by region. When examining the lobe in which SDH was present, the results indicate that peak linear acceleration may not be as sensitive as rotational acceleration to predicting SDH in different lobes of the brain. Also, overall the peak rotational accelerations (resultant and component) were very high. This finding is consistent with previously published reports in which rotational acceleration was identified as being a key component in the creation of an SDH. 8 When examining the results by magnitude, a trend occurs for both peak linear and rotational acceleration (from low to high) in the occipital, frontal, and parietal lobes. This indicates that there are aspects of the dynamic response that may be producing the lesions in these particular lobes. When conducting this analysis using a finite element model of the human brain, we found that the brain deformation metrics-shear stress, strain rate, average MPS, and average VMS-had no significant difference among the lobes. This suggests that these measures may be insensitive to predicting where in the brain the SDH is likely to occur. As to the other metrics-MPS, VMS, pressure, shear strain, and product of strain and strain rate-they all had significant differences among the SDH lobe locations. Of these metrics, MPS, VMS, shear strain, and product of strain and strain rate had the highest magnitude response for the SDH in the parietal lobe and the lowest magnitude in the occipital lobe, with the frontal lobe responses somewhere in between. Only the pressure responses differed from this trend, with occipital lobe responses being the highest and frontal being the lowest. These results show that there is sensitivity in the brain tissue to deformation based on the magnitude of response, where the largest magnitudes would produce an SDH in the parietal lobe, followed by the frontal lobe and then the occipital lobe.
Disclosure
Funding for this work was received from the Canadian Institutes of Health Research (to T.B.H.). The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper.
Author contributions to the study and manuscript preparation include the following. Conception and design: Post, Hoshizaki, Gilchrist, Cusimano. Acquisition of data: Post. Analysis and interpretation of data: Post. Drafting the article: Post. Critically revising the ar ticle: all authors. Reviewed submitted version of manuscript: all au thors. Approved the final version of the manuscript on behalf of all authors: Post. Statistical analysis: Post. Administrative/technical/ ma terial support: all authors. Study supervision: Hoshizaki, Gilchrist.
